Background: Multiple sclerosis (MS) is a complex trait in which genes in the MHC class II region exert the single strongest effect on genetic susceptibility. The principal MHC class II haplotype that increases MS risk in individuals of Northern European descent are those that bear HLA-DRB1*15. However, several other HLA-DRB1 alleles have been positively and negatively associated with MS and each of the main allelotypes is composed of many sub-allelotypes with slightly different sequence composition. Given the role of this locus in antigen presentation it has been suggested that variations in the peptide binding site of the allele may underlie allelic variation in disease risk.
Background
Multiple sclerosis (MS) is a common inflammatory disease of the central nervous system characterized by myelin loss, axonal pathology and progressive neurological dysfunction [1] . The aetiology of MS is unknown, but it is clear that both genetic and environmental components are important [2] .
The only consistent genetic association with MS in Northern Europeans had been with extended MHC haplotypes especially those containing HLA-DRB1*1501 [3] . Recently, the interleukin 7 receptor (IL7R) interleukin 2 receptor (IL2R), ecotropic viral integration site 5 (EVI5) [4] and kinesin family member 1B (KIF1B) [5] genes have been shown to be additional MS susceptibility loci [3, 6, 7] . However, the MHC is the largest contributor to MS risk [3] .
The association between MS and MHC class II has been fine mapped to the extended haplotype HLA-DQA1*0102-DQB1*0602-DRB1*1501-DRB5*0101 [8] .
Intense linkage disequilibrium within the MHC has prevented the exact susceptibility locus from being identified. Analysis of the MHC region with a large number of markers as well as classical typing show evidence for the involvement of the class II region only [9, 10] . The paradigm is more complex than one in which the HLA-DRB1*15 allele acts solely to increase MS risk. Our previous investigations have shown that HLA-DRB1*15 and HLA-DRB1*17 bearing haplotypes increase risk of MS, while HLA-DRB1*14 and HLA-DRB1*11 bearing haplotypes are protective [11, 12] . Additionally, HLA-DRB1*10, DRB1*01, and DRB1*08 interact with HLA-DRB1*15 to influence disease risk [11, 12] .
MHC class II molecules present antigen to CD4
+ T helper cells and are integral to successful maintenance of self tolerance by the immune system and the adaptive immune response to invading pathogens [13] . Each HLA-DRB1 allele forms, by the presence of defined amino acid anchors, a number of specific pockets comprising a peptide binding groove [14] . Different HLA-DRB1 alleles may thus have different binding affinities for disease-related peptides as determined by their protein sequence, subsequently influencing composition of T cell repertoires, ultimately resulting in HLA-DRB1 alleles having varying effects on disease risk. However, protein sequence analysis has failed to provide clarity. Class II alleles in MS patients are structurally no different to those in healthy controls [15] . While some studies have suggested that variable residues in the DR beta chain may determine MS susceptibility [16] [17] [18] , others found no evidence that MS pathogenesis is mediated by allele overlapping antigen binding sites [19] . However, these studies were based on a relatively small number of individuals and, thus, may have been underpowered to detect any relevant effects [11, 12] . More recently, Barcellos et al. [20] , by aligning the protein sequences of HLA-DRB1*1501, *1503, *1701, *0401, *0801, and *0803 with that of HLA-DRB1*140101, *140102, *140103, and *1404 have suggested that the amino acid at position 60 of the HLA-DRB1 protein sequence determines the effect of a HLA-DRB1 allele on MS susceptibility. This model however does not take into account other HLA-DRB1 resistance alleles, notably HLA-DRB1*11, *10 and *01 [12] .
The HLA-DRB1 gene is unusual in that many loci in the coding sequence can have any one of the four nucleotides depending on the allelotype. Thus, empirical studies were difficult, first, because such variability requires large sample sizes, but -even more importantly -because most traditional statistical methods are limited to the more typical case of bi-allelic loci. We present here the largest systematic investigation to date and an extended more sensitive statistical approach, which, for the first time, will allow us to determine empirically whether or not the nucleotide or protein sequence of HLA-DRB1 can account for allelic susceptibility to MS.
Methods

Particpants
All participants in the study were ascertained through the ongoing Canadian Collaborative Project on the Genetic Susceptibility to MS (CCPGSMS), for which the methodology has been previously described [21] .
Genotyping
Total genomic DNA, extracted from whole blood as part of the CCPGSMS, was used to type HLA-DRB1 alleles by an allele-specific PCR amplification method [22] . All genotypes were generated blind to pedigree structure and disease status of the individual. Initially, HLA-DRB1 alleles were classified into 10 categories, HLA-DRB1*01 to HLA-DRB1*10. Four of them were then subdivided, *05 into *11/12, *06 into *13/14, *02 into *15/16, and *03 into *17/18. Since then, these "two-digit" genotypes have been refined by adding two or four more digits. The first two digits describe the type, which corresponds to the serological antigen carried by an allelotype. The third and fourth digits are used to list the allele subtypes, numbers being assigned in the order in which the DNA sequences were determined. Alleles whose numbers differ in the first four digits must differ in one or more nucleotide substitutions that change the amino acid sequence of the encoded protein. Alleles that differ only by synonymous nucleotide substitutions within the coding sequence are distinguished by the use of the fifth and sixth digits.
In our population, 24 PCRs were carried out to amplify allelotypes corresponding to alleles HLA-DRB1*01, HLA-DRB1*04, HLA-DRB1*07, HLA-DRB1*08, HLA-D R B 1 * 0 9 , H L A -D R B 1 * 1 0 , H L A -D R B 1 * 1 1 , HLA-DRB1*12, HLA-DRB1*13, HLA-DRB1*14, HLA-DRB1*15, HLA-DRB1*16, HLA-DRB1*17, and HLA-DRB1*18. Each HLA-DRB1 genotype was scored twice by independent observers.
Sequence Information HLA-DRB1 allele sequence information was obtained from the Immunogenetics database of the European Bioinformatics Institute [23] ftp://ftp.ebi.ac.uk/pub/databases/imgt/mhc/hla/Alignments_Rel_2.21.zip, whose nucleotide and amino acid numbering scheme will be used here.
Statistical Analysis
For terrestrial life forms, the number of alleles per single nucleotide polymorphism (SNP) is limited to five: A, C, G, T, and X (deletion), although only two alleles have been seen for most human SNPs. For HLA-DRB1 and HLA-DRB2 SNPs, however, up to 4 and 5 nucleotides, respectively, have been observed. As proven in [24] , the informative data for each bi-allelic parental mating type (PMT) can be organized into three strata, with two informative filial constellations each: To determine, whether a particular allele confers risk, children with this allele need to be 'paired' within the same PMT stratum with children having the same other allele. For bi-allelic PMTs, this leaves three informative mating types per combination of alleles, each with two informative filial genotypes [24] . For triallelic PMTs, two situations may arise. One homozygous parent, also yields only two filial genotypes, while two heterozygous parents, yield strata with four filial genotypes. For quad-allelic PMTs, both parents are necessarily heterozygous yielding, again, four possible filial genotypes.
After excluding non-informative children, all filial genotypes within a PMT stratum have the same expectation under the null hypothesis. Thus, for the special case of bi-allelic parents, it has been suggested [25] that the sign/McNemar test for exact ties be applied [26] , i.e. to count how often either of the genes were transmitted, irrespective of the PMT. Stratification [24] yields a test statistic based on counts representing independently observed events (cases born, rather than alleles transmitted, which are subject to identical genetical and environmental confounders). Here, the need for stratification is even more apparent than for bi-allelic parents [27] [28] [29] , as there are, for instance, twice as many A alleles to be expected among the children of A.C~A.G parents than either C or G alleles.
When developing a test suitable for multi-allelic loci, it is useful to note that the sign test can be written in the two equivalent forms given at the ends of the following equation The informative children A.A in the A.x~A.x and A.x~A.y strata differ from the 'non-A' (x.x or x.y) counterparts by two alleles. As in [24] , this will be accounted for by assigning twice the weight to these strata, rather than assuming that the effects of the two alleles transmitted to the same child are independently observed.
With more than two alleles, several comparisons could be made within the A.x~A.y stratum, e.g.,
Mating
Informative Offspring Genotypes In both cases, the term to the left (A.A or A.x/A.y) would have more A alleles than the corresponding term on the right (A.x/A.y or x.y, respectively). Averaging across these comparisons yields the same term (A.x+A.y)/2 on both sides which, as the heterozygous children born to two heterozygous children in the biallelic case, can be ignored, resolving this seeming ambiguity. Again, stratification is essential for developing a sound statistical approach to deal with this complex situation.
From column card in Figure 1 , the maximum number of informative strata for the influence of a given allele is 3 × 4 + 3 × 12 + 6 = 54 out of the 105. Of course, if a particular PMT is not observed, the corresponding strata need not be included. Column w gives the weight to be applied to this stratum's contribution based on the number of alleles differing.
This stratification now allows for different degrees of 'dominance' to be considered. An allele is "dominant" or "recessive", if having a single copy confers the same risk as having two copies or no copy, respectively.
When both parents are heterozygous for the allele of interest, only those children are counted where both alleles are equal to or different from the allele of interest (n* = n A. A + n ¬A.¬A ). Thus, among these strata, the effective sample size depends on the allele considered.
Using the results of [30] , the strata's contributions can be combined into an allele-specific test statistic by forming a single test statistic from the sum of the effect estimates and their variances, respectively, e.g.,
where x is the subset of the 54 PMTs informative (relevant and not empty) for nucleotide A, while n PMT
states the number of subjects with a preponderance of A or non-A alleles, respectively within the stratum indicated (i.e., n A. A , n A. x , or n A.+ , see above).
From the above, nucleotide-specific test statistics can be obtained by performing the following steps:
1) Select the PMTs where at least one parent is heterozygous for the nucleotide considered ( Figure 1 ).
2) Among the strata where both parents are heterozygous for the nucleotide considered, eliminate the counts of children that are also heterozygous for this nucleotide.
3) By number of parental copies of the nucleotide of interest (1, 2, or 3), count the number of children with more (1 or 2) vs the number of children with less (0 or 1, respectively) alleles of this nucleotide. [24] based on these six numbers and the weights assigned to each of the three categories of strata according to the degree of dominance to be considered ( Figure 1 ).
4) Perform the stratified McNemar test
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Software
Statistical analyses were done using S-PLUS 8.0 http:// www.insightful.com and the muStat library (available from http://csan.insightful and http://cran.r-project.org). Surface and cartoon representations were produced using PyMOL http://www.pymol.org. The program VOLUMES (R. Esnouf., unpublished data) was used with a 1.4 Å radius probe to map the extent of the P4 pocket cavity.
Results
Of 7333 genotyped subjects, 3178 children (1773 affected and 1405 unaffected) from 1352 families (1-15 children per family) had complete familial allele-type and disease status information available.
Sequence analysis identified 93 SNPs that suffice to characterize the differences between the 13 main allelic types of HLA-DRB1. As shown in Table 1 , the relationship between nucleotides and allelic groups is complex. Thus, characterizing subjects by the 13 allelic groups (two-digit resolution) may not suffice to identify the genetic factors contributing to disease susceptibility (or resistance). For instance, for the second SNP (nucleotide position (N) 016), HLA-DRB1*04 (T) is uniquely different from all other groups (C), while the third SNP (N037) separates HLA-DRB1*01, *15, and *16 (A) from all other alleles (G). HLA-DRB1*09 is the only allelic group characterized by a single allele at each of the 93 SNPs -all other allelotypes have genetic variability, often with more than two alleles observed within each allelic group at a given SNP. The region between N256 and N308 is characterized by various allelotypes with three or four potential nucleotides per SNP.
This would render current statistical analysis strategies, comparing one allelic group against all others, highly inefficient. To resolve this conundrum, we extended a recently developed statistical approach that allowed us to assess at each of the 93 loci the association (controlled for population admixture) with each individual nucleotide (A, C, G, T, and deletion). The test statistics for this analysis are shown in Table 2 (left side).
Traditionally, family-based association studies utilize information from affected children only. With MS, however, the unaffected siblings of cases can be reasonably assumed to have similar genetic and environmental risk factors. Thus, one can analyze the siblings in the same fashion as the controls, after reversing the role of putative protective and risk alleles. If a nucleotide at a particular locus confers a risk, its absence should confer protection. The right side of Thus, the sequence variants of HLA-DRB1*15 that increase MS risk can be narrowed down to these regions ( Figure 2 ). N085 is in the promoter region, A013 is part of the antigen presentation P4 pocket, while A133-142 are part of the CD4 binding region [29] . (The region from #33 (N196/A37) to #64 (N365/A93) has more variability than the 13 categories can explain.)
Discussion
Multiple sclerosis is unambiguously associated with the MHC class II region and this gene exerts the strongest genetic effect on the risk of developing the disease [3] . We have shown that A013 is the key amino acid in defining the risk of HLA-DRB1, yet no molecular or functional explanation can be given for the dominantnegative effects of *14 and *11, the complementary effects of *08, and the protective nature of *01 and *10 in the presence of *15. It has been speculated that poor engagement of the encephalitogenic peptide in the context of *14 acts to alter the immune response in a dominant-negative manner and thereby reduce the effect of *15 [20] . Another explanation is that *14 binds one or more peptides that can delete autoreactive T cells. In this study, we performed the first empirical investigation of the nucleotide sequence of HLA-DRB1 with respect to determining disease risk. The statistical analysis employed in this study differs fundamentally from previous analyses conducted in that it is based on the actual nucleotides at a SNP, rather than HLA allelotypes. In other words, it allows at each locus the cases (or controls) to be categorized differently according to the nucleotides observed. In principle, we might have done the same analysis based on individual sequence data, irrespective of the two-(four-or six-) digit allele categories. In fact, using individual sequence data would avoid the ambiguities which reduced the sample size to fewer than 300 for the SNPs between N196 and N372 (Table 2) due to some allelotypes having many different nucleotides at these loci.
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For amino acid 13, for instance, we count cases with unambiguous parental mating type for the following HLA-DRB1 allelotypes (see Table 3 ):
As the categories are refined or individual sequence data becomes available, ambiguous cases will become fewer or avoided altogether, respectively.
As in the case of case-control studies [31] , counting alleles transmitted to cases, as suggested by [25] in the T  T  T  T  T  T  86  344  TG  T  TG  TG  TG  TG  G  TG  TG  TG  TG  T  T  90 357 :  3994  208  1396  1982  1873  1068  146  1519  243  408  80  98  1653 Note that many SNPs have more than two nucleotides and some SNPs have several nucleotides for the same allelic group. For instance, Nucleotide 257 can be either A or T within allelotype *12 and A, T, or G within allelotype *13. Given the high prevalence of the HLA-DRB1*15 (15) allele, the nucleotide found in this group of alleles was used as the reference, unless several nucleotides were found in the alleles constituting the HLA-DRB1*15 group. widely used Transmission-Disequilibrium-Test (TDT) has recently been proven to result in a suboptimal analysis strategy even in the case of bi-allelic parents [24] , because the TDT's variance estimate is based, in part, on the counts of non-informative heterozygous children born to two heterozygous parents. As with Student's t-vs. the Gauss' z-test (which are also asymptotically equivalent), this additional variance would need to be accounted for. The stratified McNemar test [24] , in contrast, avoids this problem by replacing 2 × (n P. P + n P. Q + n Q. Q ) in the denominator by 4 × (n P. P + n Q. Q ). For tri-or tetra-allelic parents, stratification is even more important, because it also leads to novel analysis strategies.
Barcellos et al. [20] have suggested that amino acid 60 accounts for the protective effect of the HLA-DRB1*14 allele, because this locus is close to the P4 binding pocket and HLA-DRB1*1401 encodes histidine (CAC), while HLA-DRB1*1701, *0401, *0801 and *1501 all encode tyrosine (TAC). Upon close inspection of the SNP profiles, however, the observed relationship between HLA-DRB1*15/*15, HLA-DRB1*15/*08 and HLA-DRB1*14 seems to be more complex.
Among the 4-digit HLA-DRB1 allelotypes, the majority of alleles code TAC for tyrosine, as does HLA-DRB1*15 (all 4-digit allelotypes). In the population of [32] , 30% of the population were genotyped at the 4-digit level. Among them, 82% were *1401 and 9% were *1404. If one assumes that these 30% were representative and that the same proportion holds for our population, H at P60 could exert its "protective" effect in about 90% of all 14xx subjects. However, the purported disease risk increasing TAC codon is also seen in *0101, *0103, *0104, *0110, and *0111. Thus, if this amino acid should cause *08 to have its special role in *15/*08 heterozygous subjects, this effect should be seen with other alleles, yet this is not the case [11, 12] .
For amino acid 13, instead, *15 (all K) is disjoint from both *08 (all G/glycine) and *14 (mostly S/serine) From this data, it seems unlikely that histidine at amino acid 60 contributes substantially to the protective effect of this haplotype. Instead, amino acid 13 emerges as a more likely explanation for a disease association gradient [32] . It is the only amino acid that shows sufficient variation to explain a hierarchy of disease associated alleles, raising the possibility that TCT/S is, in fact, associated with protection, while GTT/G is associated with increased risk. Being located right in the center of the P4 binding pocket, amino acid 13 is a residue that is potentially in contact with presented peptides [29, 32] . Another interesting finding of this paper is the implication that the promoter region, may play an important role. This finding lends notion to the idea of regulatory variants contributing to MS risk. As we have previously shown [33] , HLA-DRB1 (and therefore amino acid 13) cannot fully explain the MHC class II associated MS risk and these nearby variants remain to be uncovered.
It has been argued that "low resolution allele grouping [...] maximize [s] statistical power" [20', p . 2821] when comparing one group against all others. When increasing the sample size comes at the expense of increasing within group variance, however, statistical power often suffers. Let us assume that group *02 had not been separated into *15 (3994 cases) and *16 (208) cases. Then, according to Table 4 , 208 'G' cases would have been added to the 3,994 'T' cases to a total of 4202, but the size of the 'G' group would have been reduced from 10,674 to 10,466. Even though the number of informative trios would slightly increase (from 1139 to 1171, see Table 2 ), the test statistic would drop from 11.022 to 10.689. The proposed statistical test, in contrast, utilized the information obtained through high resolution allelotyping (or sequencing) to increase group sizes by combining allelotypes with the same nucleotide at a given locus.
As we have demonstrated above, introducing the concept of stratification by parental mating type has not only quantitative advantages [24] over the original more simplistic approach, but also qualitatively different results for SNPs with more than two alleles in the population. As more data are collected, the proposed method could even be extended to address the difference between association (in trans) and protein function (in cis). To do so, one could categorize filial genotypes by pairs of amino acids, rather than nucleotides, so that differences in nucleotides coding for the same protein would be ignored. Of course, to ensure that genetic confounders are eliminated, parental mating types should still be defined based on the genetic code, rather than the amino acid for which it is coding. While this strategy is based on a large number of possible combinations between three-nucleotide parental mating types and combinations of filial amino acids, the number of combinations observed at each locus is likely to be substantially smaller.
Conclusion
In conclusion, an extended statistical approach allowed us to identify A013 at the center of the P4 pocket of HLA-DRB1 as a potentially important (although unlikely exclusive) risk factor for MS. 
